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ABSTRACT OF THESIS

DERIVATIZATION OF STABLE, SOLUBLE REDOX-ACTIVE ORGANIC
MATERIALS FOR NON-AQUEOUS REDOX FLOW BATTERIES
In screening active materials for redox flow batteries (RFBs) – in which solubility
is important to raise the volumetric energy density – scientists are slave to trial and error,
modifying organic molecules in an attempt to optimize (increase) solubility without
compromising other important properties such as stability and redox potential. A trained
chemist can often predict the trends of solubility with the structural modifications in the
neutral state of the materials, but when it’s come to the charged state of the materials, it
doesn’t follow the same trend as the neutral species and relative values are hard to predict.
The solubility of a wide variety of phenothiazine derivatives – in both relevant states of
charge (neutral and radical cation) – in a nonaqueous electrolyte is measured using an NMR
solubility technique. To predict the solubility trends, different experimental and
computational parameters can be incorporated.
The volumetric energy density of the RFB also depends on the cell voltage.
Compared to phenothiazine derivative carbazole derivatives have higher oxidation
potentials, hence higher cell voltages can be achieved. Therefore, different structural
modifications on carbazole core were studied to enhance other important properties such
as solubility, stability, and electrochemical reversibility, under the non-aqueous electrolyte
environments.
KEYWORDS: Non-Aqueous Redox Flow Batteries, Phenothiazines, Solubility, NMR
Solubility Technique, Carbazoles
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CHAPTER 1. INTRODUCTION
1.1 The Demand for Sustainable Energy Sources and Grid Energy Storage Devices
Energy is everywhere! Although it comes in many forms, without a doubt, the sun
is the primary source of energy for living beings, directly or indirectly. At the same time,
with technical development, electrical energy is also taking a higher demand in the lifestyle
of people in the 20th century. Nowadays energy has become one of the main factors that
people cannot live without. This is a smart world in the sense of technology and electrical
energy is the powering source for that. Providing energy for the rate of consumption is one
of the main challenges that today’s world facing on.
At present, fossil fuel is the dominant source of energy generation in the world. But
fossil fuel combustion generates CO2 a primary contributor to the global warming.1-2 Also,
fossil fuels are not renewable energy sources, and they are deploying rapidly with the high
demand for energy. These reasons have enhanced the demand of sustainable energy sources
such as solar and wind. However, the applicability of such types of sustainable energy
sources limited by the intermittent nature of their supply. Figure 1 shows the hourly
variability of wind and solar resources in Texas relative to load in 2014.
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Figure 1-1. A graph of hourly variability of wind and solar resources in Texas relative to
load in 2014. Image courtesy: Dr. Patrick Brown (MIT Energy Initiative); NREL National
Solar Radiation Database (NSRDB); Electric Reliability Council of Texas (ERCOT).
This mismatch of the energy supply from these emerging sources with the demand
necessitates the development of high-performance low-cost energy storage devices.

1.2 The Redox Flow Battery as a Candidate for Grid-Scale Energy Storage
A number of energy storage devices are available to consider for grid-scale energy
storage, with each having features that are advantageous depending on the application.
Electrical energy can be stored as three main forms of energy as kinetic, potential or
chemical energy. The flywheel is one of the grid power applications and it’s an example
for storing electric energy as kinetic energy. In flywheels, the energy is stored by spinning
their rotors at high speed and give the stored energy back by slowing down the spinning.
Storing electrical energy by kinetic energy offers high power but low energy capacity.
Therefore, flywheels are not as useful as energy storage devices.1
Pump hydro and compressed air energy storage devices are considered under
energy storage devices where energy conversion is from electric to potential. There is a
number of plants situated all over the world including 38 plants in the United States. They
2

have a low life cycle cost and Gigawatt level energy capacity. But their applications are
limited by site selection, large initial investment, long construction period (7-8 years) and
longer reaction time (up to 10 min).1
Storing electrical energy as chemical energy is the most common among other
forms and there is a number of applications utilizing electrical energy conversion via
chemically. The lead-acid battery is one that has dominated the market over the past
century. Even though they are promising in hand of low capital cost and easy availability,
their life cycle cost is unfavorable due to limited cycling capability and high maintenance.
Nickel-metal hydride batteries are another type where the application for the stationary
market is limited by the toxicity of the Ni metal and the use of high-cost metals. Also, Liion batteries can be used in grid applications by using a stack of them to achieve a few
megawatt levels. However, most of these technologies are having challenges to meet
economic targets. Also, a concern is the toxicity of cobalt, which is used in all high voltage
cells. Hence, it’s necessary to develop battery technologies with improved reliability, cycle
life and efficiency together with the cost reduction.1
The redox flow battery (RFB) is a rechargeable battery which has its own features
that differ from other rechargeable batteries. The energy of the RFB is proportional to the
amount of two soluble redox couples stored in two external tanks and the power depends
on the size of the electrodes and the number of cells in a stack. Therefore, unlike other
available rechargeable batteries, RFBs have the ability to decouple power and energy. This
feature is related to the cost reduction as one can independently scale-up the power or
energy capacity depending on the application.3 Other than that, they have long operating
lifetime, facile thermal and chemical management, simple manufacturing and easy
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maintenance. Also, because of the liquid electrolyte and closely packed electrode
interfaces, RFBs have quick response time (sub-second), which is important for utility
applications.1 The first use of RFB technology goes back to 1884, with the modern RFB
first invented at NASA with the iron/chromium couple in 1970. Since then RFBs have
developed reported with various advances. RFBs can be divided into two main categorized
considering the nature of the solvent as aqueous RFBs and non-aqueous RFBs.3

1.3 Redox Flow Battery Working Principle
RFBs have a working principle different from other traditional rechargeable
batteries. The energy bearing active materials are stored in solution form in external
electrolyte reservoirs as shown in Figure 1-2. The material in the anode side is known as
anolyte or negolyte and material in the cathode side is known as catholyte or posolyte.
When charging and discharging the energy conversion occurs at the porous electrode. The
electrolyte solution is pumped and circulated through the electrode and the posolyte
oxidizes and negolyte reduce during the charging and vice versa occurs during the
discharging. To prevent the crossover of the active materials there is a membrane or
separator in the middle of the reactor. The ideal membrane should prevent the crossover of
active material while selectively transporting the supporting electrolyte. The supporting
electrolyte is balancing the electroneutrality of the cell during the charging and discharging
processes.

4

Figure 1-2. Schematic diagram of a redox flow battery in its discharge state. A: negolyte
material (oxidize during discharge), B: posolyte material (reduce during discharge). Image
courtesy: Brushett Group, MIT.

1.4 Aqueous RFBs vs. Non-Aqueous RFBs
As aforementioned, there are two main RFB types named as aqueous RFBs and
non-aqueous RFBs. Both fields extensively study under research in order to enhance the
performances of the batteries. Aqueous systems are utilizing inexpensive inorganic salts
such as H2SO4, KOH, and NaCl, and water as the solvent. Also, because of the low cell
resistance, they can have a high-power density. However, the aqueous systems cannot
achieve higher cell voltages due to the low electrochemical window of the water. This
limits the energy density of the system.4 By contrast, non-aqueous systems have the
potential to achieve higher cell voltages with the aid of non-aqueous solvents with wider
electrochemical windows (3-4 V), hence leading to higher energy densities according to
the equation 1 and 2

𝐶=

#.%.&
'.(

…………………………….……………………………….……. Equation 1
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𝐸 = 𝐶. 𝑈………………………………………………………………….… Equation 2
Wherein C is the volumetric capacity, m is the mass, n is the number of electrons, F is
Faraday’s constant, M is the molar mass, V is the volume, E is the energy density, and U
is the voltage.
In addition, aqueous systems cannot be utilized in the colder seasons of the year
without significant insulation or external heating due to the low freezing point of the water.
By contrast, non-aqueous systems have the potential to work in lower temperature
applications with the use of low freezing point solvents (Table 1-1). Therefore, nonaqueous RFBs have wider applications spreading from space shuttles to day-to-day energy
requirements than aqueous RFBs. These reasons have directed my research focus towards
the non-aqueous redox flow batteries to evaluate as a solution for the grid energy storage.

Table 1-1. Freezing points of common non-aqueous solvents and water.
Solvent
water
acetonitrile (ACN)
propylene carbonate (PC)
1,2-butylene carbonate (BC)
N,N-dimethylformamide (DMF)
diglyme
1,2-dimethoxyethane (DME)
nitroethane (NE)
dichloromethane (DCM)

Freezing point (°C)
0
-44
-48.8
-53
-60
-64
-69
-90
-95

1.5 Challenges Associated with Non-Aqueous Redox Flow Batteries
Although there is a number of advantages associated with the non-aqueous RFB,
its commercialization as a large-scale energy storage system is a challenging task due to a
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number of issues such as low energy density, lack of membranes, the stability of the active
materials and lack of high potential active materials.
With the use of non-aqueous solvents, the battery has the potential to reach higher
cell potentials (3-4 V) than aqueous systems (1.5 V). However, there is a lack of active
material couples to achieve that higher limit of the solvent. Also, the solubility of the active
materials, specially the solubility at the charge state of the materials is not enough to obtain
a high energy density battery. In addition to that, there are no ideal membranes for nonaqueous systems. Most of the available membranes are designed for the aqueous systems
and they are not compatible with non-aqueous solvents. In addition to that, the membrane
crossover is a big issue in the non-aqueous flow battery field. Nevertheless, the stability of
the active material is crucial for the battery lifetime and most of the reported active
materials have considerably low stability at their charged state. Therefore, it’s important to
overcome these issues to commercialize the non-aqueous RFBs.5

1.6 Redox Active Organic Molecules in Non-Aqueous Redox Flow Batteries
Traditional RFBs are mainly based on inorganic materials and transition metals.
Among them, vanadium RFBs have received higher attention as it has been
commercialized. But the vanadium RFB cost is exceeding the cost target set by the U. S.
Department of Energy (DOE). According to their goals, the cost of the battery should be
$100/kWh.6 But for vanadium RFB it is around $450/kWh and a considerable amount of
this cost is for the active material.7 Hence, the cost target set by DOE is hard to achieve
with expensive inorganic materials and transition metals. This has turned the RFB field
towards the redox-active organic materials. Organic materials are based on earth-abundant
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molecules such as C, H, O, N and S. Therefore, the cost of organic materials not going to
be high as inorganic and transition materials. Also, organic gives high synthetic tunability
to enhance battery performances. Because of the high demand for redox-active organic
materials in the RFB field, there is a number of organic materials that have been studied as
the active material in the past few years. As we are more focused on the non-aqueous RFBs
this chapter summarizes some of the organic materials studied for the non-aqueous RFBs.
A number of compounds have been synthesized to overcome the various drawbacks
associated with the non-aqueous RFBs.8-15 When considering the active materials for
RFBs, one of the main qualities of the materials is solubility. Because the energy density
is directly related to the solubility of the compound. The solubility can be increased by
increasing the interactions between solute and solvent molecules. The Wang Group at
Pacific Northwest National Lab has modified the ferrocene by introducing an ionic
substituent (Fc1N112-TFSI) to increase the solubility. The new derivative with the ionic
group showed 20 times higher solubility than the pristine ferrocene.8 The Zhang Group at
Argonne National Lab is mainly working on the alkoxy benzene derivatives. They have
observed an increase of solubility by introducing a long glycol chain, and also, they have
introduced asymmetry to the molecule together with the long glycol chain to further
increase the solubility (ANL-9).9 This strategy has been successfully implemented in our
group to synthesize highly soluble phenothiazine derivatives such as MEEPT and
B(MEEO)EPT.10, 12

8

Figure 1-3. Molecular representation of soluble redox-active organic molecules in
literature with their pristine molecule. Gen 2 electrolyte: 3:7, EC:EMC mixture.8-10, 12
The number of electrons donated by the molecule is also important for energy
density. To donate a number of electrons the particular molecule should have comparable
reversible redox events. For example, to donate two electrons the molecule should show
two reversible redox events. When considering phenothiazine derivatives, most of their
second oxidation is not reversible. By introducing electron-donating groups such as
methoxy groups or glycol chains at 3 and 7 positions of the phenothiazine the second
oxidation has become reversible and capable of donating two electrons. In addition to that,
the battery can be achieved higher cell potentials with the reversible second oxidation of
those molecules.11-13

9

Figure 1-4. Molecular representation of molecules that have become two electron donors
after chemical modification on the pristine molecule (EPT).11-13

The stability of the active material at all state of charge is another main factor to be
considered as it directly affects the cycling life of the battery. Zhang et al. were capable to
enhance the stability of dialkoxybenzenes by introducing bicycling substituents and
poly(ethylene)oxide chains to suppress the parasitic radical reactions (BODMA in Figure
1-5).14 Sanford et al. have synthesized highest stable acylpyridinium derivative by
suppressing homocoupling two pyridine radicals at C2 and C5 positions by protecting those
positions with xylyl substituents (Acylpyridinium in Figure 1-5).15

Figure 1-5. Molecular representation of molecules that have shown enhanced stability after
chemical modification.14-15

Scientists have achieved advancement through molecular modification in terms of
enhancing properties of the active materials in non-aqueous RFBs. However, these studies
are always based on trial and error. Therefore, it would be a great achievement if one can
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predict the properties before making an effort on the molecule synthesis. By looking at the
structure it’s possible to predict the trend of the properties in the neutral state of the
materials. But charged state properties cannot be easily predicted like that. In this case, a
computational approach would be helpful to predict the properties using a model or
software.
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CHAPTER 2. A

QSPR

MODEL

FOR

PREDICTING

SOLUBILITY

OF

PHENOTHIAZINES IN NON-AQUEOUS ELECTROLYTES
2.1 Requirement of Solubility Predictive Model for RFBs
As aforementioned, the solubility of the active materials in RFBs is a crucial
requirement. In screening active materials, we are slaved to trial and error, modifying
organic molecules in an attempt to optimize (increase) solubility without compromising
other important properties such as stability and redox potential. Predicting the solubility of
redox-active organics across all states of charge is a challenging task. A trained chemist
can often predict trends, but when it comes to numerical values, even the best computer
software cannot be counted upon. Hence, it’s important to change our approach to materials
development by better predicting properties in advance.
Quantitative Structure-Property Relationship (QSPR) models have been utilized
extensively in the drug discovery field to predict the important properties of drugs such as
solubility. The model is built on mathematical equations that describe the structural
relationship for a particular property of a set of molecules. There are two sets of molecules
called training set and testing set. The experimental values from the training set molecules
are used to design the model and model validation is done by experimental values of the
testing set molecules.16-17
There are four main stages in QSPR modeling. The first stage focuses on the
identification of the data set and experimental data. The molecules in the data set should
synthetically accessible and the experimental output should be highly reproducible. Also,
for the actual statistical modeling, a wide range of data spread is crucial. The second step
is structural optimization and parameter collection. In this step, ground-state DFT
12

optimization is conducted for all structures in any relevant redox state. The parameters that
are applied to these optimized structures are describe the electronic, steric features or
combination of both. The third step is linear regression modeling. Here, use algorithms and
MATLAB to do linear regression modeling and identify statistically relevant models. Also,
different statistical analyses of models such as the actual fit of the model (R2), leave and
out method, are applying to determine whether the model is robust. After confirming the
model is robust, can go to the fourth, the last step of the modeling which is external
validation of the model. In this step do a virtual screening of the model by calculating a
bunch of structures that can give some kind of effect to the modeled property and see how
well the model can predict the actual value. First, this can be done within the range of the
data set and ultimately can be extrapolated to identify species with enhanced properties.16
Therefore, the QSPR model could save the labor and material cost in the RFB field
by predicting the properties of active materials beforehand. The Sigman Group from the
University of Utah has recently published a study on the development of the QSPR model
to predict the solubility of tris-(dialkylamino)cyclopropenium (CP) radical dications in
ACN.
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Figure 2-1. Computational workflow (A), Molecules in the data set with solubility
numbers for both CP cation and dication states in ACN (B).16

The data set in this study contains structures with different alkyl substituents on the
cyclopropenium ring. There are symmetric and asymmetric alkyl substituents and
substituents with glycol chains. Having low molecular diversity makes the model less
complex, but the model may not be able to predict a lot of structural properties. With the
linear regression modeling they were able to build a model with R2 value is 0.96 with the
slope of the graph is close to unity and intercept is close to zero. R2 is the actual fit of the
model and describes the proportion of variation of the dependent variable. In an ideal
situation, R2 should equal 1. So, this model represents a high degree of model accuracy as
R2 is closer to 1 (0.96). For further analysis, they have done “leave-one-out” external
validation. In this method, one data point is left out to predict a model using other data
points. Then that model is used to predict the left-out data point. This is doing for all the
data points in an iterative way. Then all those predicted points are used to build a new
14

model. The actual fit for the new model is called Q2. The model is said to be non-biased if
the Q2 value is closer to the R2 value. They have obtained 0.89 for the Q2 and it is pretty
much closer to the R2 value, hence, the model can be considered as a non-biased model.
To build the relationship between the structure and the solubility they have used B5
sterimol value and molecular surface area (Figure 2-2) as molecular descriptors.

Figure 2-2. Graphical representation of the molecular descriptors which have used to build
the mathematical relationship with the structure and solubility (A), The statistical model
obtained for the prediction of cyclopropenium radical dication derivatives (B).16

Also, they have extrapolated the model to predict the solubility of oligomers of
cyclopropeniums. To predict the solubility, they have divided the oligomer into subunits
15

and then predict the solubility of subunits individually. To calculate the oligomer solubility,
they have averaged the solubility of subunits and that method has perfectly predicted the
solubility of the oligomer derivatives.

Figure 2-3. Molecular representation of cyclopropenium oligomer truncation (A),
Structures of oligomer derivatives with the measured and predicted solubility numbers
(B).16

The main critique regarding this study is the prediction of solubility is performed
only in ACN. But in RFB applications a supporting electrolyte is required to balance the
electroneutrality of the battery. So, it’s crucial to have solubility in the presence of the
supporting electrolyte. Also, as mentioned the data set consist only limited structural
features and all of them are showing three-fold symmetric structures. This limits the
model’s ability to predict solubility for a number of structural features.
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Phenothiazine is a potential posolyte material in non-aqueous RFBs. It has shown
higher stability in the charged state of the materials compared to other reported posolytes
and offers high synthetic tunability. But in most of the cases, its application in NAqRFBs
is constrained by the solubility of the charged state of the material (<1 M).10 However, in
some cases, the solubility of the radical cation exhibits a higher number than the solubility
of the neutral compound. For example, the solubility of neutral MPT is 0.24 M in ACN
while charged state material is showing more than 2 times solubility (0.7 M in ACN). Due
to the high synthetic tunability of the phenothiazine core, it offers a wide range of
derivatives having different substituents at different positions. So, this study gives an
advanced structure-property relationship than the study reported by Sigman and Sanford
Group. The ultimate goal is the prediction of a highly soluble phenothiazine derivative for
NAqRFBs.

2.2 Data Set for the QSPR Modeling
As the first step of the QSPR modeling, the data set is identified. As shown in
Figure 2-4, the solubility of the neutral state phenothiazines has increased with the
introduction of long glycol chains, charged substituents, -CF3 groups and asymmetry to the
core. By contrast, as shown in Figure 2-4, the symmetric substitution of methoxy groups
has decreased the solubility (3,7-DMeOEPT compared to EPT). However, asymmetric
substitution has increased the solubility (3-MeOEPT compared to EPT). Also, depending
on the position in the aryl ring the solubility numbers showed a significant difference (2MeOEPT: 0.138 M and 3-MeOEPT: 0.225 M in ACN, refer Table 2-1). The addition of
glycol chain (MEEPT) showed an enhanced solubility in the polar organic solvent (ACN)
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compared to EPT which has a smaller alkyl group. This is because the oligo(glycol) chain
has a higher polarity and flexible side chain compared to the small alkyl groups.10 Also,
the derivatives with charged substituents (EPRT-TFSI) showed increased solubility in
polar solvents as like dissolves like. As solubility is affected by these structural features,
all these structural features are included in the QSPR data set (Figure 2-5).

Figure 2-4. Effect of different substituent on the solubility of phenothiazine derivatives at
their neutral state. Solubility numbers are in ACN.

The data set consisted of a set of N-substituted phenothiazines. The substituents are
varying from small alkyl group (methyl) to larger alkyl group (Ph, Bn, Bz, etc.) to glycol
chains. Also, they are consisted with linear substituents (linear glycol chains such as ME
and MEE) and branched substituents (Me-MEE, iPr).
18

In addition to that, symmetric and asymmetric substituents numbers around the aryl
ring are accompanied to determine the effect of symmetry of the compounds on solubility.
Figure 2-5 is the molecular representation of phenothiazine derivatives in the QSPR data
set. All those compounds in Figure 2-5 are in their neutral states. The solubility of charged
state compounds is also measured and all of the phenothiazine radical cations were
synthesized as the tetrafluoroborate salts of the radical cations.

Figure 2-5. Molecular representation of the phenothiazine derivatives in the data set.
2.3 Solubility Determination Techniques
Solubility determination is very fundamental, and a handful of solubility
determination techniques are available depending on the field and application. In the RFB
field, the solubility of the neutral and charged state of the active materials is crucial as they
are going back and forth during the charging and discharging processes. Also, there is an
added supporting electrolyte in the system and solubility of the active materials in the
presence of the supporting electrolyte is necessary for the applications. Moreover, we
should consider about the thermodynamic solubility which is the solubility at stable state
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instead of kinetic solubility, which is the solubility at metastable state, as we are
considering solubility of RFB active material for a long term of time. When choosing an
ideal technique, we should account for all of these factors.

2.3.1 Solubility Determination by UV-vis Spectroscopic Methodology
In this method, a calibration curve of absorption vs. concentrations is acquired by
using a series of known concentrations of the compound. Then, the absorption of the
saturated solution is measured and using the calibration curve the concentration of the
saturated solution can be calculated. However, this method cannot be used to determine the
solubility of the charged state materials as their absorption is varying with time due to
stability. Therefore, it could give an error to the solubility numbers of charged state
materials. In addition to that, this method requires a large number of materials and time
compared to other solubility determination techniques.18

2.3.2 Solubility Determination by Measuring the Mass
In this method, first, make a saturated solution of the compound. Then a saturated
solution is filtered, and a known amount of volumes are measured into tared vials. Then
the solvent is evaporated to get the weight of the compound in the measured volume. The
concentration of the compound can be calculated using the volume and the mass of the
compound in that volume. But this method is not ideal for measuring the solubility in the
presence of the supporting electrolyte as the mass of the electrolyte can interfere with the
mass of the compound. Also, it required considerable time to evaporate the solvent
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completely and there is no way to confirm whether the solvent is completely evaporated
without further analysis (e.g. 1H NMR).16

2.3.3. Solubility Determination by the Shake Flask Method
Here, the solvent is added to a known amount of compound in drop vice while
measuring the volume of the solvent until the compound gets dissolved. By using this data,
the concentration can be calculated. But when it’s come to the solubility of the charged
state of the material, it’s not easy to observe whether the compound is dissolved or not due
to the intense color of the charged state of the materials. Also, this could cause an error
form the evaporation of the solvent if the experiment takes place over a considerably longer
time. In addition to that, this method cannot account for the volume expansion.10, 19

2.3.4 Solubility Determination by Considering the Volume Expansion
As a group we were using the aforementioned method to determine the solubility.
But we figured out it gives higher error on solubility numbers as it couldn’t account for the
volume expansion. Therefore, we’ve advanced the method to account the volume
expansion. Here, the compound is dissolved as mentioned in the previous method. Once it
has dissolved then the weight of a known aliquot of the solution is measured to calculate
the density of the solution. As we know the weight of the compound, we can calculate the
volume of the solution using the density, hence the concentration. Although this method
has accounted for the volume expansion it takes a longer time and the error of the final
number could be higher with the error from each and every step in the procedure.
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2.3.5 Solubility Determination by NMR Technique
In this project, we are using an NMR spectroscopic method to determine the
solubility of the compounds. It needs a saturated solution and it has been made by vertexing
and heating the compound. Then the mixture is letting to equilibrated overnight as we are
interested in the thermodynamic solubility for RFB applications. Once the solution is
equilibrated with solute and solvent, we filter the saturated solution using a syringe filter.
Then we make the NMR sample by mixing a known aliquot of the saturated solution with
an aliquot of NMR standard at a known concentration in the NMR solvent (DMSO-d6).
When choosing an internal standard for the analysis we should consider several factors as
below.
•

The standard should not interact with any of the material in the sample

•

It needs to give one NMR resonance that doesn’t overlap with any of the
compounds

In this study, we are using 1,4-bis(trifluoromethyl)benzene (Figure 2-6) as
the standard as it follows all the requirements of the internal standard for the phenothiazine
derivatives.

CF3

CF3

Figure 2-6. 1,4-bis(trifluoromethyl)benzene. The NMR standard.
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If we are analyzing the charged state materials, we need to quench them to make
those paramagnetic species into diamagnetic species in order to get an analytical NMR
spectrum avoiding peak broadening of paramagnetic species. As the quencher, we are using
sodium thiosulfate (Na2SO4) solid in excess to ensure all the molecules have been
quenched. Also, we can observe this by the color change of the charged state compounds
from its characteristic intense color to a pale-yellow color.

Figure 2-7. Schematic diagram of solubility determination by 1H NMR spectroscopy.
Figure 2-7 is a graphical representation of the NMR solubility method for the both
neutral compounds radical cations. To the samples of radical cations, Na2S2O3 is added to
the NMR tubes quench the radical cations in-situ. Once we prepared the NMR sample, then
we can record the quantitative 1H NMR spectrum using a 25 s D1 delay. Here we are using
longer D1 delay in order to give an adequate interval in between excitation pulses and
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sampling times. Then we can integrate the solute and standard peaks to determine the molar
ratios, thus the concentration of the compound. Below is an example calculation of the
concentration of the 2-CF3EPT compound in ACN.

Figure 2-8. NMR spectrum of the 2-CF3EPT saturated solution (120 µL) in the presence
of the internal standard (1,4-bis(trifluoromethyl)benzene, 120 µL) in DMSO-d6.

From this data;
nIS = 3.116 × 10-4 mol

IS
IIS

=

nS
nIS

=

2.49/7
4/4

; normalized integrals ratio

nS = 1.108 × 10-4 mol
MS

=

1.108 × 10-4 mol
1.20 × 10-4 dm-3

MS = 0.924 mol dm-3
Moles of sample: nS; Concentration of sample: MS; Moles of the internal standard = nIS.
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Figure 2-9. Solubility of compounds in their neutral and radical cation forms in acetonitrile
and in 0.5 M TEABF4/ACN labeled “electrolyte”. (*: Unstable radical cations to isolate as
solids, TBD: To be determined).

Figure 2-9 represents the solubility numbers of both neutral compounds and radical
cations in the presence and absence of the electrolyte. The electrolyte used in this study is
0.5M TEABF4/ACN. Some of the radical cations were unstable to record the solubility as
they were readily decomposed. Those compounds are denoted by an asterisk mark in the
graph. Most of the liquid-neutral compounds are miscible with the solvent in the presence
and absence of the electrolyte and couldn’t be able to obtain a solubility number for those
compounds.
According to the solubility numbers, as shown in the bar graph, the solubility of the
radical cations is less than 1 M, regardless of the functionality of the compounds. Also,
radical cations show significant high solubility in the absence of the electrolyte, which is
not observable with most of the neutral compounds. Interestingly, most of the N-alkyl
substituted compounds show higher solubility in radical cations state than the neutral state
(MPT, EPT, iPrPT, and HpPT). But for all the other molecules radical cations are less
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soluble than their neutral compounds. In addition to that, the solubility of neutral and
radical cations is on the same order of magnitude except for the highly soluble neutral
compounds, in which case radical cations are 3-5x less soluble than their neutral
compounds.

Table 2-1. Solubility of phenothiazine derivatives in the neutral state and radical cation
state with the structure of the molecule, name and molecular weight.
Structure

N

Solubility in neutral state
(M)
0.5 M
ACN
TEABF4/ACN

Solubility in charged
state (M)
0.5 M
ACN
TEABF4/ACN

Abbreviated
name

M. W.
(g/mol)

Melting
point
(°C)

MPT

213.30

98

0.239

0.263

0.710

0.489

EPT

227.33

99

0.113

0.113

0.281

0.179

PrPT

241.35

TBD

0.60

0.192

0.107

TBD

iPrPT

241.35

70.5

0.345

0.315

0.528

0.278

BuPT

255.38

-

TBD

1.26

TBD

TBD

tBuPT

255.38

132.5

0.055

0.048

-

-

HpPT

297.46

-

0.402

0.286

0.574

0.429

PhPT

275.37

91.5

0.139

0.126

0.603

0.480

BnPT

289.40

89

0.150

0.131

0.097

0.044

AcPT

241.31

211.5

0.0215

0.0216

-

-

BzPT

303.38

177.5

0.0711

0.0707

-

-

BOCPT

299.39

111

0.162

0.142

-

-

S
N
S
N
S
N
S
N
S

N
S

N
S

N
S

N
S

O
N
S
O
N
S

O

O
N
S
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Table 2-1 (continued). Solubility of phenothiazine derivatives in the neutral state and
radical cation state with the structure of the molecule, name and molecular weight.
N

N

PRT

284.42

61

2.39

1.10

-

-

MEPT

257.35

45

3.45

TBD

0.318

0.224

MEEPT

301.40

-

m

m

0.553

0.453

Me-MEEPT

315.43

-

m

m

0.526

0.390

DClEPT

296.21

71.5

0.183

0.173

0.087

0.058

DBrEPT

385.12

78

0.058

0.060

0.075

0.045

DBrMEEPT

459.20

-

0.598

0.390

0.178

0.0988

DIEPT

479.12

116.5

0.0135

0.0131

-

-

DCNEPT

277.35

222.5

0.0146

0.0134

-

-

BCF3EPT

363.32

69

m

m

0.349

0.250

DMeOEPT

287.38

124

0.059

0.059

0.062

0.046

DMeOMEPT

317.40

108.5

0.241

0.223

0.137

0.137

DMeOMEEPT

361.46

-

m

m

0.183

0.085

B(MEEO)EPT

463.59

-

m

m

0.77

0.63

2-CF3EPT

295.32

66.5

0.96

0.68

0.230

0.210

2-CF3MEEPT

369.40

-

m

m

0.18

0.172

2-MeOEPT

257.35

109

0.138

0.134

-

-

3-MeOEPT

257.35

86

0.225

0.194

-

-

S
O
N
S

O

O
N
S

O

O
N
S
N
Cl

S

Cl

N
Br

Br
O

S
O
N

Br

Br

S

N
I

I

S
N

CN

S

CN

N
F3C

S

CF3

N
H3CO

S

OCH3
O

N
H3CO

S

OCH3

O

O

N
H3CO

S

OCH3

N
O

O 2

S

O

N

F3C

O
2

S
O
F3C

N

O

S

H3CO

N
S

N
H3CO

S
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To obtain a solubility predictive model it is required to build a relationship between
the structure and experimental values. For that, we need molecular descriptors that describe
the structural features with the solubility trend. So, the step of the study is the identification
of appropriate descriptors. Descriptors should capture all of these solubility trends in order
to build a robust model. In the identification of descriptors need to have an idea about the
solubility process. Solubility is the highest concentration of the material in the interested
solvent system at a particular temperature. To dissolve a material in a solvent system it’s
required to weaken the solute-solute interaction or packing of the molecules while
increasing the solvent-solute interactions to aid the dissolution. The descriptor
identification of this study is still under progress and more details can be found in the future
directions.

2.4 Correlation of Solubility with the Melting Point
In order to predict the solubility of an unknown compound, the experimentally
obtained solubility numbers of known compounds should be explained by readily available
parameters (experimental or theoretical). The parameters should be the primary parameters
to have a simpler predictive model. Otherwise, the predictive model could be more
complicated and costly than obtaining the experimental solubility number of the desired
molecule.
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Figure 2-10. A graph of solubility vs. melting point of the neutral compounds in the data
set.

The melting point of a compound is a primary experimental parameter that gives
an idea about the purity of the compound. Also, it gives an idea about the strength of the
solute-solute interactions of the compound which is the main parameter that affects the
solubility of a compound. So, the melting point of a compound would be a good
experimental descriptor to be used to correlate the experimentally observed solubility
numbers in the data set. Figure 2-10 is the graph of solubility (M) vs melting point (°C) of
the compounds. For most of the compounds, there is a correlation between the solubility
and the melting point. But, some of the molecules have deviated from the trend. It is
because solubility is not only depending on the solute-solute interactions of the compound
but also depends on the solute-solvent interactions of the compound and the solvent.
Therefore, the solubility trend of these compounds cannot only be described with the
melting point. Therefore, if melting point is using as a parameter, it is required anther
parameter which could exhibit the solute-solvent interactions of the system.
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In addition to that, melting point can be used only to describe the solubility trend
of the neutral compounds as tetrafluoroborate salts of phenothiazines are decomposed
without melting. Therefore, the melting point of the radical cations cannot be obtained to
correlate the solubility of the radical cations.
2.5 Comparison of Methods
Not wanting to limit the solubility study to one method, the results from two
methods, NMR method and solubility determination by the mass method are compared
with each other. The reason for doing so is that the NMR method is subject to an error that
would not be observed in the error bars which could arise from the volume measuring, for
example, the error of the micropipette and personnel errors. Hence, it’s better to compare
the solubility numbers of the NMR method with another method to confirm the precision
of the acquired data. In this study, three molecules were used which has higher solubility,
moderate solubility, and lower solubility. Table 2-2 summarizes the data from the two
methods.
Table 2-2. Comparison of two solubility methods for three compounds which has higher,
moderate and lower solubility in both neutral state and charged state compounds.
Compound

Solubility of Neutral Compounds
Weighing Method

2-CF3EPT
3-MeOEPT
DBrEPT

100 µL
0.85 ±
0.03
0.196 ±
0.006
0.053 ±
0.001

500 µL
0.925 ±
0.001
0.2119 ±
0.0002
0.0546 ±
0.0003

Radical Cation
Salt

NMR
Method
0.96 ±
0.01
0.225 ±
0.005
0.0576 ±
0.0005

MEEPT-BF4
2-CF3MEEPT-BF4
DBrEPT-BF4

Solubility of Radical Cations
Weighing Method
100 µL
0.501 ±
0.002
0.197 ±
0.005
0.083 ±
0.002

500 µL
0.512 ±
0.001
0.195 ±
0.001
0.0847 ±
0.0005

NMR
Method
0.526 ±
0.004
0.185 ±
0.001
0.0751 ±
0.0006

The solubility numbers from both methods are not exact same numbers. But this
data is enough to conclude that the solubility numbers obtained from the NMR method are
near to the actual solubility number (precise).
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2.6 Future Directions
The QSPR model is a mathematical relationship between the structural features and
the property of the interest. The most crucial part of the study is finding molecular
descriptors to build the relationship between solubility and the structural features. These
descriptors could be a theoretical, empirical or readily available experimental characteristic
of the molecules. In this study, we have tried several theoretical descriptors such as solvent
accessible surface area (SASA), butterfly angle, sterimol values, C-N IR stretching and
partial charges on the heteroatoms. The SASA is commonly used to capture the solubility.
Butterfly angle had been identified as a parameter that determines the properties of
phenothiazines. C-N stretching and sterimol values are to capture the effect of Nsubstituted groups. Partial charges on hetero atoms were used assuming it could give an
idea about the substitution on aryl rings. However, these descriptors were failed to build a
good relationship with the experimental values. The QSPR study by Sigman group has
used B5 sterimol value and molecular surface area to build the solubility model. However,
their molecules showed a three-fold symmetry. But molecules in our study are changes
from symmetric to asymmetric. Therefore, it’s hard to find appropriate descriptors that
could capture all the structural features. The future direction is mostly focused on the
identification of appropriate descriptors for the phenothiazine derivatives. We are hoping
to use a new set of descriptors that can be derived from crystal structures, computationally
and experimentally. So, Anton Perera from the Odom group is trying to obtain crystal
structure parameters to get an idea about the packing of the solid compounds and willing
to check the effect of packing on solubility trend.
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Figure 2-11. Butterfly angle of the phenothiazine derivatives (a), solvent accessible surface
area (SASA) (b), sterimol values of phenothiazine derivatives (c). These images were
provided by Anton Perera of the Odom group.

In addition to that, there are some challenges that could arise with this study. To
generate a robust model, it needs to have a wide range of data. If many points are clustered
at the same solubility number, then it required to collect more data to get widely spread
solubility numbers. Also, it may be difficult to account for the different substituents around
the phenothiazine if they have different effects on solubility and it cannot be parameterized
in a general way to capture all the structural different features that dictate maximum
solubility. Hence, we wish to divide the main structural features within the data set to build
sub models and then combined those sub models in an appropriate way to have a model
with ability to predict more structural features.

2.7 Experimental Section
General
Phenothiazine, sodium hydride (NaH, 60% dispersion in mineral oil) and Copper
(I) iodide (98%), and propylene oxide were purchased from Acros Organics. n-BuLi, 2chloroethylmethylether, NaH (95%), N-bromosuccinamide (NBS), sodium metal,
anhydrous pyridine, and anhydrous methanol were purchased from Sigma Aldrich. 2(trifluoromethyl)phenothiazine

(2-CF3PT),
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1-bromo-2-(2-methoxyethoxy)ethane

(MEEBr), N-methylphenothiazine, and promethazine hydrochloride were purchased from
TCI. Nitrosonium tetrafluoroborate (NOBF4) (98%) was purchased from Alfa Aesar and it
was stored and weighed in an argon-filled glovebox (MBraun, O2 < 0.1 ppm, H2O < 0.5
ppm), and removed in a capped vial only immediately prior to use. Dry THF was purchased
from Fisher Chemicals and anhydrous DMF was purchased from Honeywell. Anhydrous
magnesium sulfate, hexane, ethyl acetate, anhydrous diethyl ether and anhydrous
dichloromethane were purchased from VWR. All reagents were used without further
purification.
Silica gel (65 x 250 mesh) was purchased from Sorbent Technologies. 1H and 13C
NMR spectra were obtained on 400 MHz Bruker automated NMR spectrometer in DMSOd6 from Cambridge Isotope Laboratories. Mass spectra were obtained on an Agilent 5973
Network mass selective detector attached to Agilent 6890N Network GC system.

EPT20, PrPT21, iPrPT22, BuPT21, tBuPT22, HpPT23, PhPT22, BnPT24, AcPT25, BzPT26,
BOCPT27, MEPT10, MEEPT10, DClEPT28, DBrEPT28, DBrMEEPT13, DCNEPT28,
BCF3EPT28, DMeOEPT13, DMeOMEPT13, DMeOMEEPT13, B(MEEO)EPT13, 2MeOEPT29, and 10-(b-hydroxypropyl)phenothiazine30 were synthesized as previously
reported.
All the tetrafluoroborate salts of phenothiazine derivatives (XPT-BF4) were synthesized
according to the general procedure published before.10
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Synthesis of N-(2-(2-methoxyethoxy)propyl)phenothiazine (Me-MEEPT)
In an oven-dried round bottom flask, 10-(b-hydroxypropyl)phenothiazine (6.00 g, 23.3
mmol) was dissolved in dry DMF (250 mL) at 0 °C and stirred using an oven dried stir bar.
Sodium hydride (95%) (0.88 g, 35 mmol) was added in portions under nitrogen. After 30
– 45 min of stirring, 2-chloroethylmethyl ether (3.31 g, 3.50 mL, 35.0 mmol) was added
dropwise over the period of 10 min. Then the reaction mixture was stirred for 15 min and
refluxed overnight. Upon completion of the reaction, the reaction mixture was quenched
by adding (60 g) of finely crushed ice, then extracted with diethyl ether. The combined
organic layer was washed with brine, dried over anhydrous magnesium sulfate and
concentrated under rotary evaporation. The crude product was purified by column
chromatography using a mixture of hexane/EtOAc (80:20, v/v) as an eluent. 1H NMR
(DMSO-d6, 400 MHz, ppm) δ 7.16 – 7.23 (m, 4H) 7.08 – 7.10 (m, 2H), 6.94 – 6.98 (m,
2H), 3.99 – 4.05 (m, 1H), 3.78 – 3.83 (m, 2H), 3.50 – 3.59 (m, 2H), 3.31 – 3.38 (m, 2H),
3.17 (s, 3H), 1.15 (d, J = 5.81 Hz, 3H).
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C NMR (DMSO-d6, 100 MHz, ppm) δ145.6,

128.0, 127.7, 124.8, 123.1, 116.8, 72.6, 72.2, 68.4, 58.5, 52.9, 18.6. GCMS: m/z 315 (40%),
212 (100%), 198 (18%), 180 (37%).

Synthesis of N-ethyl-2-(trifluoromethyl)phenothiazine (2-CF3EPT)
An

oven-dried

250

mL

round-bottom

flask

was

charged

with

2-

(trifluoromethyl)phenothiazine (10.0 g, 37.4 mmol), a stir bar, and DMF (100 mL).
Nitrogen was purged for 10 min. Then NaH (1.80 g, 44.9 mmol) was added, allowing
hydrogen to vent. Once bubbling stopped, EtBr (4.89 g, 3.40 mL, 44.9 mmol) was added
dropwise. A reflux condenser was attached, and the reaction was stirred 6 h at 50 °C or
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until TLC (15% EtOAc in hexanes) showed consumption of the starting material. The
reaction mixture was quenched with ice water and vacuum filtered. The resulting solid was
crystallized from ethanol to yield the title compound as a light green solid. 1H NMR
(DMSO-d6, 400 MHz, ppm) δ 7.33 – 7.35 (m, 1H) 7.21 – 7.26 (m, 2H), 7.15 – 7.17 (m,
2H), 6.97 – 7.06 (m, 2H), 3.97 (q, J = 6.92 Hz, 2H), 1.29 (t, J = 6.92 Hz, 3H). 13C NMR
((DMSO-d6, 100 MHz, ppm) δ 145.5, 144.0, 129.2, 129.0, 128.7, 128.5, 128.1, 127.7,
123.6, 122.6, 119.3, 116.5, 111.9, 41.7, 12.9. GCMS: m/z 295 (50%), 280 (13%), 266
(100%), 248 (9%). (Synthesized by William Eubanks of the Odom Group)

Synthesis of 2-(trifluoromethyl)-N-(2-(2-methoxyethoxy)ethyl)phenothiazine (2CF3MEEPT)
2-(trifluoromethyl)phenothiazine (5.00 g, 19.0 mmol) was dissolved in 50 mL anhydrous
DMF in a 250 mL round bottom flask containing stir bar. After purging nitrogen for 15
min, NaH (95%) (0.92 g, 23.0 mmol) was added allowing hydrogen gas to vent. After
stirring 30 min at room temperature, 1-bromo-2-(2-methoxyethoxy)ethane (3.84 g, 2.90
mL, 21.0 mmol) was added. The reaction mixture was heated to 70 °C for 12 h. Upon
completion of the reaction, the reaction mixture was quenched by adding ice water and
extracted with EtOAc. The organic layer was washed with brine and dried over magnesium
sulfate. The crude product was concentrated under reduced pressure and purified by
column chromatography using hexane as the eluent. 1H NMR (DMSO-d6, 400 MHz, ppm)
δ 7.33 – 7.34 (m, 2H) 7.15 – 7.27 (m, 3H), 6.97 – 7.06 (m, 2H), 4.11 (t, J = 5.48 Hz, 2H),
3.76 (t, J = 5.48 Hz, 2H), 3.52 – 3.54 (m, 2H), 3.40 – 3.42 (m, 2H), 3.20 (s, 3H). 13C NMR
((DMSO-d6, 100 MHz, ppm) δ 145.6, 144.2, 129.3, 129.0, 128.7, 128.5, 128.1, 127.7,
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123.7, 122.7, 119.5, 116.6, 112.5, 71.7, 70.2, 68.1, 58.5, 48.0. GCMS: m/z 369 (49%), 280
(100%), 266 (21%), 248 (49%).

Synthesis of 3-bromo-N-ethylphenothiazine (3-BrEPT)
To a solution of N-ethylphenothiazine (7.41 g, 32.6 mmol) in DMF (32 mL) in a roundbottomed flask, freshly recrystallized N-bromosuccinimide (5.80 g, 32.6 mmol) in DMF
(32 mL) was added dropwise at 0 °C, and the reaction mixture was stirred at 0 °C for few
hours and let warm up at room temperature overnight. Once the reaction has gone to
completion, water (60 mL) and brine (60 mL) were added to the reaction mixture followed
by saturated aqueous sodium thiosulfate (15 mL), and the organic product was extracted
with DCM (3 × 50 mL). The combined organic layers were dried over magnesium sulfate
and concentrated by rotary evaporation. The crude product was purified by column
chromatography (SiO2, hexane/EtOAc 19:1 → 9:1), yielding the product as a yellow solid.
1

H NMR (DMSO-d6, 400 MHz, ppm) δ 7.32 – 7.35 (m, 2H) 7.13 – 7.23 (m, 2H), 6.92 –

7.03 (m, 3H), 3.88 (q, J = 6.92 Hz, 2H), 1.28 (t, J = 6.92 Hz, 3H). 13C NMR ((DMSO-d6,
100 MHz, ppm) δ 144.5, 144.3, 130.6, 129.3, 128.4, 127.6, 126.1, 123.2, 122.7, 117.5,
116.1, 114.1, 41.7, 13.0. GCMS: m/z 306 (50%), 305 (50%), 278 (100%), 276 (100%) 196
(28%), 153 (12%). (Synthesized by Walt McGavran of the Odom Group)
Synthesis of N-ethyl-3-methoxy-phenothiazine (3-MeOEPT)
In a 250 mL round-bottomed flask immersed in an ice-water bath, a 5 M solution of sodium
methoxide was prepared by dissolving sodium (2.23 g, 97.2 mmol) in methanol (17.40 mL)
under nitrogen atmosphere. To the resultant solution, copper(I) iodide (7.40 g, 38.86
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mmol), 3,7-dibromo-N-ethylphenothiazine (5.95 g, 19.4 mmol), and anhydrous pyridine
(43.5 mL) were added. The reaction mixture was sparged with nitrogen for 15 min. A reflux
condenser was attached, and the reaction was heated at reflux for 12 h. After the reaction
is completed, the reaction mixture was diluted with brine (50 mL), and the aqueous phase
was extracted with diethyl ether (3 × 50 mL). The organic solution was dried over
magnesium sulfate, filtered to remove solids, and concentrated by rotary evaporation. The
organic residue was purified by column chromatography to create a white crystalline solid
product. 1H NMR (DMSO-d6, 400 MHz, ppm) δ 7.12 – 7.20 (m, 2H) 6.77 – 6.98 (m, 5H),
3.86 (q, J = 6.88 Hz, 2H), 3.70 (s, 3H), 1.27 (t, J = 6.88 Hz, 3H). 13C NMR ((DMSO-d6,
100 MHz, ppm) δ 155.4, 145.5, 138.2, 128.1, 127.4, 125.1, 123.2, 122.3, 116.6, 115.6,
113.4, 112.9, 55.9, 41.6, 13.2. GCMS: m/z 257 (47%), 242 (4%), 228 (100%), 185 (25%).
(Synthesized by Mina Sami of the Odom Group).
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CHAPTER 3. DERIVATIZATION OF HIGHLY SOLUBLE, HIGH POTENTIAL
MOLECULAR CORE FOR NON-AQUEOUS REDOX FLOW BATTERIES
3.1 The Importance of High Potential Active Materials in RFBs
In screening active materials for non-aqueous RFBs, it is crucial to focus on how
to enhance the energy density of the battery. Mainly because the energy density of the
battery is depending on the active material. There are three ways to optimize active material
in order to enhance energy density. One way is to increase the solubility which has
extensively talked in the previous chapter. The other way is to increase the number of
electrons in the redox reaction. This can be achieved by synthesizing materials having a
number of reversible redox potentials. For example, there are molecules published in the
literature with more than one electron-donating/accepting molecules such as DMeOEPT,
B(MEEO)EPT, cyclopropenium derivatives, etc.
The other way to increase the energy density is, increase the cell potential of the
battery. When considering the positive side of the materials, it’s better to have materials
with higher oxidation potentials to have higher cell potentials. Most of the reported
posolytes has oxidation potential less than 0.3 V vs Cp2Fe+/0. For an example, a highly
stable phenothiazine derivative, MEEPT has 0.3 V oxidation potential. Therefore, it’s
better to evaluate other organic cores with higher oxidation potentials for RFB applications.
Compared to phenothiazines, carbazoles are electron deficient because of the lack of “S”
atom. Therefore, it could have a higher affinity towards electron and higher oxidation
potential.
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3.2 Electrochemical Reversibility and Chemical Stability of Carbazoles
In order to be a prominent active material in RFBs, the molecule should have an
easy synthetic pathway, good chemical and electrochemical reversibility, higher solubility
in all state of charge and higher stability of the charge state material. Chemical and
electrochemical reversibility is the primary property of the active material to be used as an
active material in NAqRFB. To evaluate that, cyclic voltammetry (CV) of the compound
can be recorded. Figure 3-1 exhibits the CV of the ethyl carbazole (red color curve). But
the ethyl carbazole itself showed a poor chemical and electrochemical reversibility in nonaqueous electrolyte solvent.

Figure 3-1. Cyclic voltammograms of N-ethylcarbazole (ECz) and N-ethyl-3,6dimethoxycarbzole (DMeOECz) at 1 mM in 0.5 M TEABF4/ACN (WE: glassy carbon;
CE: Pt wire; RE: Ag/AgCl; internal reference: ferrocene; voltammograms were calibrated
to Cp2Fe0/+ at 0 V, and recorded at a scan rate of 100 mV/s).
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With the addition of electron-donating methoxy groups at 3 and 6 positions of the
core showed a reversible redox event (Figure 3-1) with 67 mV oxidation and reduction
peak separation and 1.12 anodic and cathodic current ration. In an ideal situation the
oxidation and reduction peaks separation should equal 57 mV (from Nernst equation) and
anodic and cathodic current ratio should equal to 1. However, the experimentally observed
values are acceptable and can be assumed that DMeOECz is electrochemically and
chemically reversible in the cyclic voltammogram time scale.
The next step of the evaluation is the stability study of the charged state of the
material. For that study, the charged state of the DMeOECz has chemically synthesized as
the tetrafluoroborate salt. The radical cation was stable enough to isolate as an X-ray
quality single crystal (Figure 3-2).

Figure 3-2. Thermal ellipsoid plots of the crystal structure of the 3,6-dimethoxy-Nethylcarbazole tetrafluoroborate (DMeOECz-BF4). This structure was obtained by Dr.
Sean Parkin.
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Further analysis of the charged state stability was carried out by UV-vis stability
test in lower concentration (0.15 mM) as well as in an elevated concentration (10 mM) of
the active material in ACN solvent for a 3 h time period.

Figure 3-3. UV-vis spectra of DMeOECz-BF4 at 0.15 mM (a) and 10 mM (b) in ACN,
recorded for 5, 30, 60, 120 and 180 min after dissolution. (These studies were conducted,
and graphs were plotted by Harsha Attanayake of the Odom Group).

As shown in Figure 3-3, DMeOECz-BF4 radical cation was self-discharged
(mainly) or decomposed at low concentration (0.15 mM) and showed improved stability at
an elevated concentration (10 mM) in ACN. This observation suggests the stability might
be affected by the trace impurities in the solution such as trace water, salts, etc. But in the
elevated concentrations, the effect from trace impurities cannot make a big influence on
stability and therefore improved stability can be observed. After confirming the
electrochemical reversibility and the charged state stability, the solubility of the active
material was evaluated at all state of charge in the presence and absence of the electrolyte.
The solubility of the DMeOECz and DMeOECz-BF4 in ACN and 0.5 M TEABF4/ACN is
summarized in Table 3-1.
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Table 3-1. The solubility of DMeOECz and DMeOECz-BF4 in ACN and 0.5 M
TEABF4/ACN.
Compound
DMeOECz
DMeOECz-BF4

ACN (M)
0.82
0.072

Solubility (M)
0.5 M TEABF4/ACN
0.64
0.058

The solubility of the dimethoxy carbazole derivative is not promising for the RFB
applications. Therefore, it is required to do a chemical modification to increase the
solubility. One of the easiest ways to increase the solubility is the introduction of a long
glycol chain at the nitrogen position of the compound.
With the introduction of the glycol chain, the MEE dimethoxy carbazole derivative
(DMeOMEECz) is isolated as a liquid at room temperature and showed an improved
solubility (at least 50% wt/wt soluble with the solvent). However, the charged state of the
material (DMeOMEECz-BF4) couldn’t be isolated as a solid and couldn’t get a solubility
number for the radical cation.
Even though the stability has screened by the UV-vis test, it’s important to have an
idea about the stability of the compound at the battery cycling environment. To evaluate
that, bulk electrolysis was done for DMeOECz and screened for 30 charge/discharge
cycles. The CVs were recorded before and after the bulk electrolysis cycling to have an
idea about the system before and after the charge/discharge process. According to Figure
20 (a), the capacity retention over 30 cycles is about 97%. However, the CV after the
cycling (Figure 3-4, b), showed 60% decomposition of the DMeOECz and formation of a
compound which is electrochemically reversible.
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Figure 3-4. Capacities and current efficiency (CE) from bulk electrolysis cycling
experiment of DMeOECz. 30 cycles completed in 15 h (a), Cyclic voltammograms of
DMeOECz before and after the bulk electrolysis cycling (b).

3.3 Future Directions
Future directions are focused on the synthesis and isolation of the radical cation of
DMeOMEECz in order to determine the solubility and stability of that radical cation. In
addition

to

that,

the

radical

cation

can

be

synthesized

as

the

salt

of

bis(trifluoromethanesulfonyl)imide (TFSI-), hexafluorophosphate (PF6-), and perchlorate
(ClO4-) to evaluate the changes in the stability and solubility of the radical cation.
Also, a flow cell can be assembled with a suitable negative side material (viologen)
to study the performance of the carbazole derivatives in an actual flow battery environment.

3.4 Experimental Section
General
Carbazole (99%), Copper (I) iodide (98%) were purchased from Acros Organics.
N-bromosuccinamide (NBS), anhydrous pyridine, and anhydrous methanol were
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purchased from Sigma Aldrich. NOBF4 (98%) and sodium methoxide (99%) were
purchased from Alfa Aesar and it was stored and weighed in an argon-filled glovebox
(MBraun, O2 < 0.1 ppm, H2O < 0.5 ppm), and removed in a capped vial only immediately
prior to use. Dry THF was purchased from Fisher Chemicals and anhydrous DMF was
purchased from Honeywell. Anhydrous magnesium sulfate, hexane, ethyl acetate,
anhydrous diethyl ether, and anhydrous dichloromethane were purchased from VWR. All
reagents were used without further purification.
Silica gel (65 x 250 mesh) was purchased from Sorbent Technologies. 1H and 13C
NMR spectra were obtained on 400 MHz Bruker automated NMR spectrometer in DMSOd6/CDCl3 from Cambridge Isotope Laboratories. Mass spectra were obtained on an Agilent
5973 Network mass selective detector attached to the Agilent 6890N Network GC system.
Elemental analyses were performed by Atlantic Microlab, Inc.
DMeOECz was synthesized as previously reported.31
Synthesis of tetrafluoroborate salt of N-ethyl-3,6-dimethoxycarbazole (DMeOECzBF4)
3,7-dimethoxy-N-ethylcarbazole (0.500 g, 1.95 mmol) and anhydrous acetonitrile (20 mL)
were mixed together in an oven-dried 500 mL round bottom flask. Then the reaction
mixture was cooled in an ice bath. Then NOBF4 (0.263 g, 2.25 mmol) was added to the
reaction mixture and stirred for 30 min. The reaction was monitored using a UV-vis
spectrometer and upon the completion of the reaction, anhydrous diethyl ether was added
gradually with continued stirring. The resultant dark green color precipitate was dissolved
again in anhydrous acetonitrile and reprecipitated with anhydrous diethyl ether to remove
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unreacted starting materials. This step was repeated three times to ensure the removal of
unreacted starting material. The final product was dried under nitrogen and kept in the
argon-filled glove box.
Crystals for X-ray diffraction (XRD) were grown in DCM and diethyl ether. A
saturated solution of salt in DCM (~0.3 mL) was placed in an NMR tube. Diethyl ether (~
0.3 mL) was run down the side of the tube to form a discrete layer. The NMR tube was
capped and kept in the freezer, and crystals were formed at the interface of the solvent
layers.

Synthesis of N-(2-(2-methoxyethoxy)ethyl)carbazole (MEECz)
Sodium hydride 95% (NaH, 2.23 g, 55.7 mmol) was added in two portions to a stirred
solution of carbazole (6.17 g, 37.1 mmol) in DMF. After stirring for 15 min at room
temperature, 1-bromo-2-(2-methoxyethoxy)ethane (6.00 mL, 44.6 mmol) was added. Then
the reaction mixture was stirred overnight at 90 °C. The reaction was monitored by TLC
and GCMS. Upon completion, the reaction was quenched by the addition of cold water and
the product was isolated by extraction with diethyl ether. Further purification was
attempted by column using hexane/EtOAc. 1H NMR (DMSO-d6, 400 MHz, ppm) δ 8.13 –
8.15 (m, 2H) 7.61 – 7.63 (m, 2H), 7.42 – 7.46 (m, 2H), 7.18 – 7.22 (m, 2H), 4.55 (t, J =
5.60 Hz, 2H), 3.80 (t, J = 5.60 Hz, 2H), 3.46 (m, 2H), 3.31 (m, 2H), 3.12 (s, 3H). 13C NMR
(DMSO-d6, 100 MHz, ppm) δ 140.7, 126.0, 122.6, 120.6, 119.2, 110.0, 71.7, 70.3, 69.3,
58.5, 43.1. GCMS: m/z 269 (29%), 180 (100%), 152 (10%). (Synthesized by William
Eubanks of the Odom Group)
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Synthesis of 3,6-dibromo-N-(2-(2-methoxyethoxy)ethyl)carbazole (DBrMEECz)
To a 100 mL round-bottomed flask, MEECz (2.50 g, 9.28 mmol) was added following 55
mL dry DMF, and the reaction mixture was stirred for 10 minutes. Then NBS (3.63 g,20.42
mmol) was added in portions and mixture was stirred for 1 hour at room temperature under
N2. The reaction was monitored by GCMS and TLC. Upon completion of the reaction, the
reaction mixture was diluted with water and extracted using ethyl acetate (3 x 50 mL). The
organic layers were washed with a saturated sodium thiosulfate solution and brine. The
combined organic layers were dried over magnesium sulfate, filtered, and concentrated by
rotary evaporation. The crude product was purified using a silica gel plug, eluting with
hexanes:EtOAc (2:1 to 4:1). 1H NMR (DMSO-d6, 400 MHz, ppm) δ 8.46 (m, 2H) 7.58 –
7.65 (m, 4H), 4.55 (t, J = 5.30 Hz, 2H), 3.77 (t, J = 5.30 Hz, 2H), 3.42 (m, 2H), 3.27 (m,
2H), 3.09 (s, 3H).

13

C NMR (DMSO-d6, 100 MHz, ppm) δ 139.9, 129.2, 123.1, 123.4,

112.6, 111.8, 71.7, 70.3, 69.3, 58.5, 43.5. GCMS: m/z 427 (53%), 337 (100%), 256 (17%).

Synthesis of 3,6-dimethoxy-N-(2-(2-methoxyethoxy)ethyl)carbazole (DMeOMEECz)
Sodium methoxide (95%) (13.10 g, 152.25 mmol) was dissolved in 25 mL methanol in a
250 mL round bottom flask. Then DBrMEECz (2.60 g, 6.09 mmol) and CuI (0.23 g, 1.22
mmol) were added to the reaction mixture followed by pyridine (75 mL) . Finally, the
reaction was refluxed overnight under N2. Upon completion of the reaction, the mixture
was diluted with EtOAc and washed with 1 M aq. HCl, water, and brine. The combined
organic phases were dried over anhydrous MgSO4, filtered and the solvent was removed
under rotary evaporation. The crude product was crystallized from ethanol. 1H NMR
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(CDCl3, 400 MHz, ppm) δ 7.53 – 7.53 (m, 2H) 7.29 – 7.38 (m, 2H), 7.10 – 7.13 (m, 2H),
4.47 (t, J = 6.21 Hz, 2H), 3.96 (s, 6H), 3.85 (t, J = 6.21 Hz, 2H), 3.52 (m, 2H), 3.45 (m,
2H), 3.35 (s, 3H). 13C NMR (CDCl3, 100 MHz, ppm) δ 153.3, 136.2, 122.8, 115.2, 110.7,
103.5, 71.7, 70.2, 69.5, 58.5, 56.1, 43.3. GCMS: m/z 329 (47%), 240 (100%), 197 (13%).
Anal. calc. for C19H23NO4 C, 69.28; H, 7.04; N, 4.25; O, 19.43; S, 6.92. Found C, 69.57;
H, 6.97; N, 4.27.
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CONCLUSIONS
The objective is the evaluation of redox-active organic materials for non-aqueous
redox flow batteries and identifying ways to increase the electrolyte capacity by improving
solubility without losing the stability and the electrochemical reversibility.
The use of highly soluble material is one way to enhance electrolyte capacity.
Scientists always slave to trial and error in the screening of highly soluble active materials.
Hence, it’s better to change this approach by predicting the solubility in advance with the
aid of a solubility predictive model. Phenothiazine derivatives are potential posolyte
materials for NAqRFBs due to its higher stability and ease of synthetic tunability.
However, their applicability in NAqRFBs is constrained by the solubility of the charged
state material (~0.5 M)10. In the long-term plan, a predictive model such as the QSPR model
to predict the solubility of phenothiazines would be helpful to predict a highly soluble
derivative of the phenothiazines without wasting time and money on trials and errors. To
obtain the model, the experimental solubility numbers of a set of phenothiazine derivatives
were evaluated in all state of charge in the presence and absence of the electrolyte (0.5 M
TEABF4/ACN). The data set consists of diverse structural features such as different
substituents on nitrogen and aryl rings varying from electron-donating to electronwithdrawing. Also, we have included symmetric and asymmetric structures to capture all
possible structural features that could possible with the phenothiazine derivatives. But on
the other hand, a wider range of structural features could make a complicated study in terms
of finding appropriate descriptors. Because it could be difficult to capture all the different
structural feature which are affecting differently on the solubility. In addition to that, if
solubility numbers are clustered in a small range, then it could hard to build a robust model.
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If this is the case, then it needs to obtain more experimental data to get a wider range of
solubility numbers. To account for these issues, it is required to try and study a number of
descriptors to identify appropriate descriptors that are capable of describing the solubility
trend of the data set.
The volumetric capacity of RFB is also, depends on the cell voltage, which mainly
depends on the oxidation potential of the posolyte material and the reduction potential of
the negolyte material. Therefore, molecular cores with higher oxidation potential and
derivatizing that molecular core to obtain RFB properties are studied. Carbazole is a known
redox-active material, but it is new for the RFB field. Different structural modifications
have been done for the carbazole core in terms of enhancing solubility and electrochemical
reversibility to achieve the RFB requirements. The enhanced properties with the molecular
modifications were observed experimentally. The main concern with the carbazole core is
the low stability of the charged state material and the isolation of the radical cation of
highly soluble derivative (DMeOMEECz). In the future, the study will be focused on the
synthesis

of

the

radical

cation

of

DMeOMEECz

as

the

salt

of

bis(trifluoromethanesulfonyl)imide (TFSI), perchlorate (ClO4-), and hexafluorophosphate
(PF6-) to capture the effect of different salts on the stability and solubility of the radical
cation. With the degree of progress, the assembling of a flow battery with a suitable
negative side material can be considered in order to evaluate the properties at the actual
RFB environment.
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APPENDICES
Appendix A: Solubility Numbers of Neutral State Phenothiazines

Appendix A. Solubility numbers of neutral state phenothiazines in ACN and 0.5 M
TEABF4/ACN.
Compound Name
MPT
EPT
PrPT
iPrPT
BuPT
tBuPT
HpPT
PhPT
BnPT
AcPT
BzPT
BOCPT
Promethazine
MEPT
3,7-DClEPT
3,7-DBrEPT
3,7-DBrMEEPT
3,7-DIEPT
3,7-DCNEPT
3,7-DMeOEPT
3,7-DMeOMEPT
2-CF3EPT
2-MeOEPT
3-MeOEPT

Solubility of Neutral Compounds (M)
ACN
0.5 M TEABF4/ACN
0.24 ± 0.01
0.263 ± 0.004
0.113 ± 0.002
0.113 ± 0.001
TBD
0.60 ± 0.02
0.421 ± 0.001
0.360 ± 0.005
TBD
1.26 ± 0.04
0.055 ± 0.001
0.0484 ± 0.0004
0.402 ± 0.003
0.286 ± 0.002
0.139 ± 0.001
0.126 ± 0.002
0.150 ± 0.001
0.131 ± 0.001
0.02153 ± 0.00002
0.0216 ± 0.0002
0.0711 ± 0.0004
0.0707 ± 0.0003
0.162 ± 0.002
0.1421 ± 0.0001
2.38 ± 0.04
1.10 ± 0.03
3.45 ± 0.02
TBD
0.183 ± 0.003
0.173 ± 0.002
0.0576 ± 0.0005
0.0605 ± 0.0006
0.598 ± 0.003
0.390± 0.004
0.0135 ± 0.0001
0.0131 ± 0.0001
0.0146 ± 0.0001
0.0134 ± 0.0001
0.0594 ± 0.0007
0.059 ± 0.001
0.241 ± 0.001
0.223 ± 0.001
0.96 ± 0.01
0.68 ± 0.02
0.138 ± 0.001
0.134 ± 0.001
0.225 ± 0.005
0.194 ± 0.001
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Appendix B: Solubility Numbers of the Tetrafluoroborate Salts of Phenothiazine
Radical Cations
Appendix B. Solubility numbers of the tetrafluoroborate salt of phenothiazine radical
cations in ACN and 0.5 M TEABF4/ACN.
Compound Name
MPT-BF4
EPT-BF4
PrPT-BF4
iPrPT-BF4
BuPT-BF4
HpPT-BF4
PhPT-BF4
BnPT-BF4
MEPT-BF4
MEEPT-BF4
Me-MEEPT-BF4
3,7-DClEPT-BF4
3,7-DBrEPT-BF4
3,7-DBrMEEPT--BF4
3,7-BCF3EPT-BF4
3,7-DMeOEPT-BF4
3,7-DMeOMEPT- BF4
3,7-DMeOMEEPT-BF4
3,7-B(MEEO)EPT-BF4
2-CF3EPT-BF4
2-CF3MEEPT-BF4

Solubility of Neutral Compounds (M)
ACN
0.5 M TEABF4/ACN
0.466 ± 0.002
0.409 ± 0.005
0.33 ± 0.01
0.164 ± 0.001
0.192 ± 0.01
0.107 ± 0.01
0.53± 0.01
0.278 ± 0.001
TBD
TBD
0.57 ± 0.01
0.43 ± 0.01
0.503 ± 0.003
0.344 ± 0.003
0.0966 ± 0.0002
0.0444 ± 0.0002
0.318 ± 0.003
0.224 ± 0.003
0.553 ± 0.009
0.504 ± 0.002
0.526 ± 0.004
0.390 ± 0.004
0.087 ± 0.001
0.058 ± 0.004
0.075 ± 0.001
0.045 ± 0.001
0.178 ± 0.002
0.100 ± 0.001
0.349 ± 0.002
0.250 ± 0.003
0.062 ± 0.002
0.0463 ± 0.0001
0.137 ± 0.002
0.138 ± 0.001
0.183 ± 0.002
0.085 ± 0.001
0.77 ± 0.03
0.63 ± 0.05
0.230 ± 0.001
0.210 ± 0.001
0.185 ± 0.001
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0.172 ± 0.002
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